Motivation: Arterial stiffening is thought to be the principal cause of hypertension [1] [2] [3] [4] [5] 
INTRODUCTION
Arterial stiffening is thought to be the principal cause of increasing systolic pressure and hence hypertension [1] [2] [3] . It amplifies the pulse pressure, which leads to decrease of diastolic pressure and increase of systolic pressure, by increasing the amplitude of the pressure wave generated by the heart, increasing reflection wave velocity, and reducing the cushion function of the arterial compliance [1] [2] [3] [4] [5] .
Electrical Analogue Models in Hemodynamics
Most modern hemodynamic theories (we call them "flow theories" in this article) are derived from the Navier-Stokes equation, whose governing equation is a combination of two forces: the inertial term and the viscous term. Therefore a segment of vessel can be represented by series of an inductance (L, inertial term) and a resistance (R, viscous term) in electric analogue (see Fig.1A ) [4] . Since each organ or vascular bed connects the main artery and the vein, they can be viewed as another RL series parallel to the aorta. The capacitance (C, compliance term) is often assumed relatively small to make the analytic solution of the Navier-Stokes equation possible [4] [5] (see Fig.1B ).
The steady blood pressure is generally thought to originate from resistance of blood flowing through vessels (conduit arteries), which can be described conceptually by electric Ohm's law: P(pressure) = Q(flow) R(resistance). This concept can also be applied to frequency domain if the resistance is replaced by the impedance and the system is considered linear.
From the resonance theory [6] [7] [8] , the pressure wave is transmitted in the form of "moving windkessel". The pulse pressure is transmitted by the coupled resonance mechanism between organs and the aorta so that the efficiency is optimized [6] [7] [8] [9] [10] [11] [12] [13] [14] . Based on the radial dilatation of the vessel wall, we derived an analytic equation in a long elastic tube [8] . From this equation, we also developed a semi-empirical procedure to describe the pressure distribution in a complex simulated model composed of a main tube and attached organs with different sizes and at different sites [6] .
In the electric analog, we can easily understand how the blood pressure is affected by the coupled resonance phenomenon. After adding the capacitance coming from the aortic compliance (see Fig.1C ), the artery becomes an RLC series and hence a resonant circuit [6] [7] [8] [9] [10] . Similarly, vascular bed in each organ can be viewed as another RLC series in parallel to the aorta (see Fig. 1D ). For each set of inductance and capacitor will introduce a resonance frequency , the aorta and organs have their own resonance frequencies respectively according to their elastic properties. Under matching of these resonance frequencies, the resonance will bring ultra-high transmission efficiency, and the artery system can work with the least energy lost.
It is illustrated in the electric analogue in Fig.1D , the maximum transmission efficiency to renal vascular bed is achieved when the natural frequency of the kidney lies on the multiples of that of the aorta . Alteration of any element in RLC1 or RLC2, such as bending the aorta and renal ligation, will shift the natural frequencies and lead to mismatch of these two frequencies. Under this circumstance, the aorta and the organ can no longer keep in good resonance, the transmission efficiency is therefore decreased, and both the systolic and diastolic pressure are lowered.
Applying Electrical Analogue Models on Arterial Stiffening
In this study, we try to simulate the arterial stiffening in vivo by pulling the abdominal aorta transversely. The reason is that not only the stretching of the bending will stiffen the aorta, the local stiffening near the bending site can also cause impedance mismatch. According to flow theories, the stiffness can lead to decrease of arterial compliance (hence ruins the cushion function) and increase of reflection wave velocity, while the impedance mismatch will increase the reflection amplitude, all leads to increase of the pulse pressure [1] [2] [3] . From P(pressure) = Q(flow) R(resistance), the stretching of the aorta which makes the vessel longer and narrower increases the vascular resistance, therefore the steady blood pressure will also be raised.
From resonance theory, the stretch of the aorta will lead to an opposite outcome. The stiffened wall will decrease the compliance and the cushion function, destroy the coupled resonance between organs (especially the kidneys) and the aorta, hence lead to decrease of both the mean and the pulse pressure.
We also decreased the compliance from organ vascular bed by ligating the renal artery to isolate the renal vessel bed from the aorta as another test. According to the flow theories, renal ligation is equivalent to taking away a parallel flow pathway. It won't change the vascular resistance of the aorta, but will lead to increase of total resistance and hence rise of steady blood pressure. The augmented reflection mismatch will also raise the pulse pressure. However according to the resonance theory, one-side renal ligation is like taking away a parallel RLC series and will affect of the renal vascular beds, similar to aorta bending. It will ruin the natural-frequency-matching between organs and the aorta and lead to drop of the blood pressure.
These two experiments (aorta bending and renal ligation) on the same rats to compare the alteration of the blood pressure were performed to test our conjecture.
MATERIAL AND METHODS
7 male Wistar rats weighted 265.71 50.88 gw (mean SD [standard deviation]) were anesthetized with urethane (1.2mg/gw body weight). Abdominal aortic pressure was measured through a PE (polyethylene) tube (2F, outer diameter 0.6mm) filled with liquids (0.9 % NaCl and 0.3 % heparin) inserted from the caudate artery. The head of the tube was then moved to the level of the abdominal aorta. Pressure pulses were recorded by a catheter-tip pressure transducer (P10EZ transducer, RP-1500 Narco-BioSystem). The frequency response of this assembly system was uniform up to 60 Hz. The signal was connected to a simultaneous sample-and-hold panel AX753 and then to a 16-bit AD converter AX5621. These cards converted signals to digital data with sampling frequency 1500 Hz, and sent them to the personal computer for further analysis [10] [11] 14] .
In the aorta bending experiment, we opened the ventral side of the rat, separated the inferior mesenteric artery and tied prepared silk suture to it. The other end of silk suture was tied to a stereotaxic to provide a precise transverse displacement. The bending was lasting for not more than 3 seconds. When we bent the aorta, the renal artery was not moved at all. Blood pressure signal was recorded before and immediately after the bending. Right after the bending, the blood pressure was recorded again, we can find that it returned to the value before intervention.
In the renal ligation experiment, we separated the left renal artery off the fat and then prepared the silk sutures to go around the artery. We then threaded both ends of the silk suture through a segment of PE tube. When we performed the ligation, we lifted the silk sutures and confined the PE tube at the same position to keep the renal artery from moving and thus restricted the aorta from bending. The transverse displacement of the renal artery was far less than 1 mm. The ligation was also lasting for not more than 3 seconds, and the recording procedure was the same as that in aorta bending experiment.
During the experiments, after each measurement in the normal position, we moved the head of the PE tube 1 cm up and 1 cm down in the abdominal aorta, we found that the blood pressure was the same. It indicated that the catheter was not blocked by the bending of the aorta. In both experiments, each immediate blood pressure drop was accompanied by an overshoot if we removed the bending or ligation a few seconds later. After the surgical operation, we waited 30 minutes for the blood pressure wave to return to normal to start our experiments. At least 15 minutes were waited between each step to avoid interference from the last experiment. Between the experiments, the exposed tissues were kept moist with physiological saline and the environment was kept at 32 o C by a lamp and a heat radiator. This investigation confirmed with the "Guide for the Care and Use of Laboratory Animals" published by the US National Institutes of Heath (NIH Publication No. 85-23, revised 1996). At the end of the experiment, the rats were killed by inhaling ethyl ether.
In each recording, we have 10 pulses. Each pulse was picked by two relatively lowest points and transformed into frequency spectra by Fourier transform. Because the amplitude decreased rapidly with the harmonic numbers, we focused only on the first six harmonics [10] [11] 14 ].
RESULTS
The variation of spectrum in renal ligation experiment was shown in Figure 2 . The amplitude started to drop from the 2nd harmonic. Figure 3 shows the variation of spectrum when the aorta was bent for a transverse displacement of 4, 5, 6 mm, respectively. The amplitude dropped most significantly in the 2nd and the 3rd harmonic, and the amount of dropping augmented as the transverse displacement increased. Table 1 summarizes the alterations of the heart rate and the blood pressure. The changes of heart rate were all statistically non-significant. No significant blood pressure variations were found until the transverse displacement of aorta was larger than 3 mm. This large transverse displacement cannot happen in the renal ligation experiment, therefore we can confirm that this blood pressure dropping was due to isolation of the kidney rather than other disturbance from the aorta.
Since the dropping percentage of the systolic and diastolic pressure were approximately the same with different bending displacement respectively, we can infer that the pulse pressure dropped about the same percentage when the bending displacement was larger than 3mm.
DISCUSSION & CONCLUSION
The dropping of the blood pressure by either aorta bending or renal ligating indicates that our conjecture can better described the generation of the blood pressure. Since the bending and ligation are shorter than 3 seconds, it is so fast that we can avoid reflex reaction or other physiological response from the terminal vascular beds.
Why Does Blood Pressure Dropped Rather Than Rose?
Flow theories treat the artery as a flow conduit, while the resonance theory treats it as a pressure wave transmission system. In the former point of view, the aorta bending is an obstacle for the blood flow, it increases the vascular resistance (or impedance), thus raises the blood pressure from P=QR. While in our conjecture, the bending is a destruction of the perfect resonance, it decreases the transmission efficiency of the pressure wave and leads to blood pressure drop.
The large bending of more than 3 mm to distort the transmission of blood pressure wave in the aorta (see Table 1 ) illustrates the transmission efficiency of the blood pressure wave. This also illustrates advantages for the circulatory system to distribute blood by transmitting pressure wave. The blood flow is a vector, 1-mm bending will suffice to distort the blood flow profile. How can it adapt to the changes of the direction, shape and conformation of the artery when animals keep moving to respond to various changes of the environment, such as lifting our arms, bending our body and turning our head? With the small output power of the heart (only 1.7 Watt [15] [16] , about the power of a small toy car), how can it distribute the blood to such a large body (~70kg) of human being? In resonance theory, the blood pressure is transmitted in the form of transverse wave. The wave always moves down stream because blood is squeezed to move by the radial movement of the wall. Owing to its long wavelength (about a meter [7] [8] 17] , which is much longer compared to the body size of the rat), it won't "see" small local obstacles or small bending, and the transmission efficiency is thus improved dramatically compared to the blood flow. The blood pressure wave is eventually transformed into flux by small microcirculatory openings [11] [12] to accomplish the blood distribution.
Analysis in Blood Pressure Waveform
As for the change of blood pressure waveform, we can see that when we bent the aorta with different transverse displacement, all the spectrums were of the same pattern with the most significant dropping on the 2nd and the 3rd harmonics. The bending displacement only changed the dropping amount, but not the pattern. This result is similar with that in renal ligation experiment. From resonance theory, our bending site was between the renal artery and the aortic bifurcation, the bending of the aorta will break the frequency matching between the kidney and the aorta. It will ruin the coupled resonance between them and lead to the amplitude drop on the resonance frequencies of the kidney, the 2nd and the 3rd harmonics, so does the ligating the renal artery [10] . However the blood pressure waveform was determined by the blood flowing through complex structure of the arterial system through P=Q R in flow theories, its change will be random between different rats or with different bending displacement. We have no idea how to explain this uniform pattern of spectrum in flow theories.
Implication in Hypertension
In our previous work, we suggested the mechanism of hypertension to be correlated with larger frictional or viscous force that obstructs the vessels generated by the interaction between blood cells, blood vessel, or other blood ingredients. For example, the increase of cholesterol stiffens both the blood cells and the vessel wall and thus leads to the increase of frictional force for the blood cell passing through PVB (peripheral vascular bed). The increase of blood triglyceride will increase the viscous force. To maintain constant blood perfusion, the blood pressure rises to give larger driving force for the microcirculatory flux to overcome the increased PVB resistance [11] .
Different from general thought that the arterial stiffening is due to degeneration of the arterial wall [1] , we also suggested that the arterial wall is thickened in order to counterpoise the pressure rise to keep the resonance of the arterial system with the heartbeat. Therefore, coupled resonance between organs and the aorta can be maintained to sustain the transmission efficiency [13] .
Conclusion
This study gives further support to our conjecture that the artery is a pressure-wave-transmitting system and the coupled resonance improves the efficiency. It may help us to understand the mechanism of hypertension. 
